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Abstract: Wild edible plants, botanically defined as phytoalimurgical species, have historically been
a useful source of food to cope with recurrent famines and poor farming conditions. If properly
identified, harvested, transformed and promoted, alimurgical plants could further enhance the
wellbeing of rural and urban communities and the multifunctional productivity of agriculture. The
research aimed to survey alimurgical species in a wetland, map their location, detect their spatial
richness, and develop a monitoring plan for ongoing vegetation succession. The study area is the
King’s Lagoon, a wetland that has recently undergone a radical restoration of its natural layout. A
satellite image was used to create a land cover map and interpret the relationship between plant
species and land cover. The survey provided a snapshot of the wetland’s current ecosystem status
and used botanical analysis and ecological indices to investigate biodiversity levels. The alpha, beta
and gamma levels of biodiversity were explored and interpreted through the statistical processing
of a comprehensive dataset of species occurrence and abundance, together with the calculation of
Shannon’s, Simpson’s and Jaccard’s indices. It was observed that biodiversity in the wetland is
developing gradually following restoration and is expected to increase over time as successional
stages take hold. Biodiversity is more pronounced along the banks of the canals and watercourses
connecting the basins and open ponds, while it is less pronounced in areas where the soil has been
disturbed by previous excavations. Salicornia spp., Beta vulgaris subsp. maritima and Suaeda vera were
identified as the most common and interesting species found in the study area. The potential for
cultivation of some of the halophyte species that were monitored was also highlighted, with particular
reference to the selection of the most commercially interesting species, the best species associations
and intercropping practices in a wetland context, which must always prioritize the conservation of
wild biodiversity. The spring surveys should be repeated in the coming years in order to accurately
trace the dynamics of the ecological succession of this particular ecosystem, once it has returned to its
natural development.

Keywords: phytoalimurgical species; species richness; species abundance; Shannon’s index;
Simpson’s index; Jaccard’s index; marshes and salt meadows; halophytic vegetation

1. Introduction

Modern food production systems seriously threaten climate and global health [1-3].
Research is therefore underway into alternative food sources, local food production systems
and sustainable farming methods to alleviate hunger, meet the growing demand for healthy
diets and protect the environment [2-4]. Despite the gradual abandonment of traditional
agricultural practices, the increasing expansion of food markets on a global scale, and
changing lifestyles and diets, interest in wild edible plants has grown in many parts of
Europe [5].
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A special branch of botany, known as phytoalimurgy, is concerned with wild edible
plants (WEPs). Its birth is marked by the book “De alimenti urgentia”, the first scientific
publication on the subject, written by the Florentine physician Giovanni Targioni-Tozzetti
in 1767. It was probably the constant famines that led this doctor and botanist to become
interested in the use of spontaneous herbs. He is credited with the word “alimurgia”,
which refers to the science of finding solutions to urgent food needs. However, the term
phytoalimurgy was used much later by Oreste Mattirolo in his book “Phytoalimurgia Pede-
montana” (1918). He added the prefix phyto to emphasize the plant origin of alimurgical
foods [6]. Phytoalimurgy became the research discipline interested in the knowledge of
wild edible plants [7-9].

WEPs have been an extremely useful source of food in the past to cope with recurrent
famines and poor peasant livelihood conditions. Today, in the face of rapid environmental
change, particularly the climate crisis, livelihoods may increasingly depend on low-cost,
environmentally friendly, resilient and adaptable sources of nutritious food [10,11]. WEPs
could play a strategic role in disrupted climate scenarios, where new food sources could
be important to ensure food security and where particular landraces or ecotypes could
be of paramount importance for gene selection and crop genetic improvement. This
is why these ancient food traditions of peasant origin are so highly valued today. If
properly identified, harvested, transformed and promoted, WEPs will further enhance
both the wellbeing of rural and urban communities and the multifunctional productivity
of agriculture. According to the Food and Agriculture Organization [3], over 100 million
people in the EU (i.e., 20% of the population) consume WEPs, while 65 million (14%) collect
some form of WEPs themselves, at least occasionally [12,13].

The availability of WEPs can be included as a provisioning service in ecosystem
service classifications such as the Millenium Assessment (MA) and The Economics of
Ecosystems and Biodiversity (TEEB) assessments [14,15]. Classifications of ecosystem
services only consider the role of wild plants in providing food. However, the literature
suggests that there are also several cultural reasons for collecting WEPs, depending on
regional traditions. Indeed, there is also a historical and anthropological rediscovery of
the culture of the past and a renewed interest in healthy eating. This type of traditional
knowledge has a very localized meaning and a specific geographical value, which makes it
a very important cultural knowledge that is now in danger of being lost [16]. Rediscovering
these forgotten food resources can significantly support several Sustainable Development
Goals (SDGs), including SDG 1 (reduce poverty), SDG 2 (end hunger), SDG 3 (promote
health and wellbeing), SDG 12 (ensure sustainable consumption and production patterns),
SDG 13 (combat climate change and its impacts) and SDG 15 (preserve ecosystems), as
established by the United Nations [17].

Wild plants tend to be richer in micronutrients and bioactive secondary metabolites
than their cultivated counterparts [18,19]. Wild vegetables often contain high concentrations
of minerals, proteins, high levels of vitamins A and C, and significant amounts of fiber, often
more than in cultivated vegetables [20-22]. WEPs also generally contain a wide range of
plant secondary metabolites such as polyphenols, terpenoids, polysaccharides, etc., making
them good candidates for nutraceuticals, i.e., functional foods containing potentially health-
promoting ingredients. More than simple food, WEPs can be considered a protodietary
supplement with possible cardioprotective and chemopreventive properties [23,24], e.g.,
via microbiota modulation [25] or nitrate provision [26]. In the last decade, for example,
borage (Borago officinalis L.) has received increasing agricultural interest because of the
potential market for gamma-linolenic acid extracted from its seeds [27]. Similarly, purslane
(Portulaca oleracea L.) is a major source of short-chain omega3 fatty acids, alpha-tocopherol,
and bioactive compounds [28]; because of this, there is increasing interest in its cultivation
as a food crop [29]. From another perspective, purslane also appears to be an excellent
candidate for inclusion in saline drainage water reuse systems [30]. Even those plants
containing toxic compounds can be broadly included into the alimurgical categories by
considering that local communities did not eat only edible plants but also particular parts
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of toxic plants [31]. The risk of the inappropriate use of toxic WEPs is well known, as are
the operations that must be carried out to neutralize the toxic substances in order to make
such plants fit for human consumption [32].

In addition to their health-related properties, WEPs are highly valuable as reservoirs
of crop genetic diversity at the farm level. WEP species and varieties have a high level of
genetic variation and exhibit distinctive drought and climate resilience, pest and disease
resistance, and many other interesting traits because they have not gone through the genetic
bottleneck of domestication [10].

Given the significant and largely untapped nutritional, agricultural, economic and
ecological potential of WEPs, their current limited use represents a lost opportunity at a
cost to our economy and society. According to some authors, there are between 300,000
and 500,000 plant species on the planet, of which 30,000 can be considered edible [33].
Throughout history, only 7000 of these 30,000 edible plants have been cultivated or collected
for food [34,35]. Yet today, only 20 species supply 90% of the world’s food needs, with
wheat, maize and rice accounting for 60% of the human diet [36].

Apart from a handful of studies [12,16,19,37,38], quantitative data on wild food collec-
tion are scarce and scattered. In contrast with the limited quantitative information on the
geographical distribution of WEPs, the literature review provides a wealth of information
on the reasons for collecting wild plants [38—48]. Plants are collected close to peasants’
homes, from crop fields, uncultivated field margins, wild areas or hedgerows near the
village [37,41,42,49-51]. Participation in collecting WEPs is still common in rural com-
munities [13,37,43,52] where wild plants are available and easy to harvest, even in large
quantities, so that a limited but interesting market can take place [41,43,48,52].

Collecting WEPs is considered an important part of the cultural tradition of a rural
community [37,46,53].

The strategy to be followed is quite clear: in order to rediscover and valorize WEPs,
an interdisciplinary approach is needed. First the most interesting species at country level
should be prioritized, then in situ survey and mapping of the selected WEP species are
necessary to address gaps in the data regarding distribution, abundance, conservation status
and collection. In parallel, the creation of ex situ genetic reserves can contribute to WEP
conservation. Recent scientific advances can be applied to better characterize WEP varieties
and assess their safety for human and animal consumption to meet consumer demand and
provide additional market opportunities. Government could also be encouraged to promote
the cultivation of WEPs in sustainable cropping systems and contribute to the protection
of ecological rich spaces at the agricultural margins. Finally, proper dissemination and
communication activities are mandatory to increase consumer’s awareness about WEPs
and their use to enhance their consumption as a healthy and environmentally sound
foodstuff [54].

This paper is a first attempt to present the results of a survey and mapping of the
spatial distribution of WEPs in the “King’s Lagoon”, a coastal wetland of about 40 ha in the
Gulf of Manfredonia (southern Italy, province of Foggia), within the Gargano National Park.
This area has recently been restored to its original wetland state through the reconstruction
of canals and flooded areas. It is therefore interesting to note that this area is in its first
stage of ecological restoration and that it is expected that in the coming years a dynamic
spatial and functional arrangement in the distribution of WEPs will develop according to
the ecological conditions that will be established in the area.

There are two main broad, though closely related, aims that we have identified for
the work presented here: the first is more research oriented to ecology and botany and the
second is more research applied to horticulture and cultivation.

(1) The aim of the experimental work presented here was to survey and identify the
alimurgical species present in the wetland at this stage of ecological succession, to map
their spatial location according to a land cover composition, to verify their presence
and abundance, to establish the most frequent correspondences between the various
species and any systematic associations between them, and to define a monitoring



Horticulturae 2024, 10, 632

40f29

plan that can be adopted in subsequent years to follow the ongoing succession of the
vegetation (limited to alimurgical plant species in this particular study).

(2) Another aim of the research is to select the most widespread, suitable and useful WEPs
for the possible experimental start of a productive activity of cultivation, processing
and marketing of these alimurgical plants, in order to plan an activity that, while
maintaining the priority of safeguarding the precious and fragile natural context, also
allows a certain rural sustainable development in the area of interest.

It should be remarked that the “King’s Lagoon” has been selected as a reference study
area in a national project called AGRITECH (WP7.3.3); this wetland is a showcase for several
nature-based solutions that have been specifically considered in the project activities [55].
In addition to the strategic importance of restoring the wetland through renaturation and
protection measures, the agricultural activity is also subject to specific evaluation so that it
can be carried out in symbiosis with the conservation of biodiversity, establishing a mutually
beneficial relationship with the latter. In this context, experience is being developed in
regenerative agriculture through the cultivation of spontaneous edible grasses in soil and
brackish water conditions, together with agroforestry and permaculture [55].

2. Materials and Methods
2.1. Study Area

A qualitative and quantitative survey of the phytoalimurgical species present in the
meadows and grasslands of the “King’s Lagoon” (the English translation from the Italian
“Laguna del Re”) was carried out in the spring 2023. The King’s Lagoon is located in
Siponto (Manfredonia, province of Foggia, southern Italy). It is a coastal wetland directly
connected to the Adriatic Sea, at the mouth of the Candelaro stream, with an extension of
40 hectares, part of the whole reclamation system of the Siponto polder (Figure 1).

[ ] agricultural area
I stes

basin

Figure 1. Satellite image and planimetric map of King’s Lagoon, the coastal wetland considered
in the case study, located in the Apulia region of southern Italy, along the Gulf of Manfredonia
(Adriatic Sea).

The reclamation began a long time ago but was decisively carried out just before
the Second World War and completed in the 1950s. It involved a radical alteration of the
natural hydrological regime in order to reclaim land for agriculture and human settlement.
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The remaining wetlands that still exist are one of the cornerstones of the Apulian coastal
landscape. Today, the King’s Lagoon plays an important naturalistic role, it is included in
the European Natura 2000 network and is designated both as a zone of special conservation
(ZSC), called the “Capitanata wetlands”, and as a special protected area (SPA), called the
“Marshes of the Gulf of Manfredonia”. It is characterized by two priority habitats: 1150*
“coastal lagoons” and 1510* “mediterranean salt steppes”, according to the EU Habitats
Directive (please note that the asterisk conventionally indicates the “priority” status of the
habitat). For more information on how the King’s Lagoon fits into the Natura 2000 network,
see Supplementary Material (S1).

An important EU environmental LIFE project [55] was developed in the Siponto
area; as a result, the new wetland, i.e., the King’s Lagoon, was created on the site of a
previously reclaimed wetland. The project was completed in 2019 after 5 years of activity.
The project consisted of a wetland restoration project, which was carried out by replacing
some agricultural land and illegally built areas with a natural-looking wetland system;
the redesign of new and the reopening of old canals that had silted up; the digging of
“valleys” (i.e., stretches of open water); the installation of weirs to regulate the inflow and
outflow of water; and the creation of sluices in order to restore the typical transitional
coastal environment, characterized by the alternation of flooded areas and dry land for
agricultural use [56].

The new wetland has also been equipped with wildlife observation structures (towers,
boardwalks, and hides) to promote the naturalistic practice of birdwatching, as well as
footpaths, huts, and terraces for visitors to encourage them to visit the natural oasis. It
should be noted that the EU project also had an important social impact in terms of
reestablishing legality, as after the demolition of the unauthorized buildings and the
restoration of the natural environment, the former inhabitants were given small plots of
land to grow fruit and vegetables under legal contracts. Today, agriculture is only allowed
in certain areas of the entire wetland system and is properly regulated [56].

The climate is typically Mediterranean (hot, dry summers and mild, rainy winters),
while the soil is highly saline and sodic, often clayey, making it difficult to grow wild plants
or cultivate crops.

2.2. Land Cover Mapping

The land cover map of the King’s Lagoon was processed with a GIS software (QGIS 3.34.3-
Prizren) using a Pleiades NEO satellite image (30 cm resolution) acquired on 24 July 2023.
The image details correspond to an information scale of 1:500 (System Reference: EPSG:32633-
WGS 84/UTM zone 33N). Considering the limited extent of the area and the high variability
of the land cover classes to be mapped and their scattered spatial distribution, the photo
interpretation was made by an initial identification and subsequent polygonization of different
land cover classes according to a predefined set of categories. The polygonization was carried
out directly on the satellite image by drawing from an empty vector base, i.e., without the aid of
reference cartography. The polygonization consisted of drawing polygons and circumscribing
homogeneous areas according to their recognized typology (land cover category).

The map produced in this way, at a very detailed scale, was compared with other,
broader maps produced by other institutes, such as the Regional Land Use and Land Cover
Map [57] and the Nature Map [58], in order to check their congruence. The resultant land
cover classification has been structured into two hierarchical levels (Table 1), the first of
which is made up of only four general classes, as follows: wetland and aquatic/riparian
ecosystems (WET), semi-natural vegetation areas (MEAD), built-up areas (BUILT), agricul-
tural areas (AGR). The second level contains more differentiated land cover categories.
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Table 1. First- and second-order land cover categories detected in the “King’s Lagoon”, the coastal
wetland considered in the study case.

First-Order Land Cover Categories Second-Order Land Cover Categories
v" Reed and reedbed
WET v' Wetland and lagoon
Wetlands and aquatic/riparian ecosystems ¢ Channel
v" Non-permanent channel
V' Temporary pond
MEAD V' Sparse semi-natural vegetation
Semi-natural vegetation areas (meadows) v Herbaceous vegetation and scattered trees
v" Roads and paths
BUILT v" Rural buildings
Built-up areas v" Rural building annexes
V" Roof terrace rural shed
V' Arable agricultural land
v' Tree-lined and wooded agricultural area
AGR :
Agricultural areas v .Compl‘ex cropping and parcel s‘ystems
including small orchard and olive groves
v" Abandoned olive grove

This mapping result meets the following criteria:

- Unique definition of each category;

- Hierarchical organization of the classification structure, i.e., the higher-level categories
are made up of a set of lower level categories;

- Categories at the same level are mutually exclusive.

At the end of the photo-interpretation phase, a field check was carried out to resolve
any doubts or uncertainties about category assignment and to assess the reliability of the
procedure followed.

2.3. The Species under Study

The phytoalimurgical species prioritized in the field surveys are mostly identified
as ‘focus species’ for two reasons: their possible or expected presence in the wetland and
their actual or potential use. In this work, phytoalimurgical properties are considered
in a broad sense, including not only plants that are directly edible, but also plants that
are partially edible (with respect to certain parts or plant organs), and plants that are not
directly edible or even toxic, but from which compounds of nutritional, nutraceutical or
pharmaceutical interest can be extracted. These “focus species” were six plants, as follows:
Portulaca oleracea L., Cichorium intybus L. and Beta vulgaris L. These plants are widely used
as vegetables in various Apulian gastronomic recipes. Salicornia spp. is used as a vegetable
and it is currently gaining increasing commercial interest; it is a halophyte species (i.e., it
can tolerate high soil salinity concentrations) and it can be cultivated under very high soil
salinity conditions [59-61]. Suaeda vera ]J. F. Gmel. is not used in gastronomy, although it
may have interesting uses in pharmaceuticals and nutraceuticals [62-64]; it was included
in the study as it was considered to be a dominant plant in the area. Finally, Glycyrrhiza
glabra L. is an officinal species widely observed in the nearby wetlands and is considered
interesting due to its very high economic potential.

In addition to the ‘focus species’ taken as reference plants, many other phytoalimurgi-
cal species were detected in the wetland that are widely used in local gastronomy [6], along
with some other officinal species also considered in this study as well as plant sources of
bioactive molecules, anticancer agents or, more generally, health-promoting biomolecules
and pharmaceuticals from saline environments [65-67].
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2.4. Plant Species Detection and Survey Design

The orthophoto of the study area was ideally overlaid with a 50 m grid to define
regular survey plots or square cells. A total of 165 square cells were placed on the map
and used to locate the sampling areas. Two close-up surveys were carried out in July
2023 (on 11 July and on 14 July), crossing the peak of the phenological stage of anthesis
(i.e., flowering). Each cell/site was identified in the field by the geographical coordinates
of its center. For each cell/site, the area covered by herbaceous vegetation (grasses and
meadows) was identified and visually estimated, excluding areas covered by water bodies,
waterways and canals, reed beds, agricultural land, roads, buildings and other man-made
infrastructure. This process was greatly facilitated by the use of the previously prepared
land use map.

This plant species survey was designed to identify and then collect information not on
the vegetation as a whole, but only on the plants belonging to the species of interest, i.e.,
the broadly defined alimurgical category (WEPs). The resulting methodological approach
can therefore be considered close to, but not identical with, an effective ‘floristic survey’. In
fact, while floristic surveys are concerned with a total and complete inventory of all the
species in a vegetation, the botanical survey, as applied in this case, focused exclusively on
species belonging to the natural grass and meadow plant type.

Vegetation data were systematically collected from each cell/site along a number of
defined and permanent transect lines, following a modified [68] floristic approach. In most
cases the transects coincided with existing footpaths, but in the case of cells with large
and dense grass areas with non-linear displacement, one or more circular sample plots of
standard size (10 m diameter) were randomly selected and the plant composition assessed
in this way. The importance of accurate species identification is, of course, paramount in
surveys. The use of field guides and taxonomic keys are important components of every
floristic survey. In this study, plant species were identified according to Pignatti [69], life
forms and chorotypes were assigned also according to Pignatti [70] and for nomenclature
we followed Bertolucci [71] and Galasso [72]. A range of contextual information, defined
as ‘stationary data’, was recorded, including elevation, slope, exposure, substrate type,
possible presence of outcropping rock, etc. Rather than a simple list of species detected
(i.e., species “occurrence”), a semi-quantitative analysis was carried out for each species
in each cell/site. In fact, the list of species was also linked to an estimate of species
“abundance”, namely their estimated land cover. The latter is the proportion of the ground
area occupied by a species when viewed from above. Among the visual estimation methods,
the Braun-Blanquet (BB) scale [73] is the most popular method as it is faster, cheaper and
easier to use when compared with the other botanical field survey methods [74]. The BB
scale, as modified in this study, shows six levels of grass cover (Table 2).

Table 2. The modified Braun-Blanquet scale as applied in the visual assessment of species belonging
to the phytoalimurgical wild grasses and meadows in the course of the King’s Lagoon survey, the
coastal wetland considered in the study case.

Land Cover Land Cover Range Corresponding
Cod S (Relative Abundance) Average Land Cover
ode or Score
(%) (%)
0 (A = absent) 0 (Unseen or unobserved species) -
1 (R = rare or occasional species) <1 (Just one or few individuals) 0.5
2 (U = uncommon) 1-25 (Slightly low land cover) 12.0
3 (C = quite common) 25-50 (Medium land cover) 375
4 (CC = common) 50-75 (Slightly high land cover) 62.5
5 (CCC = very common) 75-100 (High land cover) 87.5

In addition to the cell/site assignment, the biological form, chorology, ecology and
plant associations were defined for each species surveyed. Finally, the species detected were
characterized in terms of their potential nutritional or medicinal interest, distinguishing
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between edible (C), officinal edible (C-CO), officinal (O), toxic (T) and toxic-officinal (TO)
species according to the Acta Plantorum data sheets [75].

2.5. Data Analysis and Statistical Processing

Land cover. The dataset obtained from the land cover map was organized while taking
into account each 50 x 50 m? cell/site and the distribution of each land cover category
(shown in Table 1, first column) within the cells. Therefore, the presence of each first-order
land cover category was determined, together with its areal extent in each square cell/site.
First, the total distribution of the main cover categories was assessed. Then, for each
category, the relative spatial occurrence in each cell was also calculated in the form of a
frequency distribution histogram.

A summary of the overall experimental data processing approach is shown as a
flowchart in Figure 2.

SATELLITE
PHOTO IMAGES GRID
INTERPRETATION OVERLAY
LAND COVER )
ANALYSIS l
PLANT SURVEY
land cover composition 0 m a-DIVERSITY

- Species richness
- Species abundance
- Shannon index

and frequency
distribution

CELL X SPECIES

MATRIX - Simpson index
[cs] _—
B-DIVERSITY
-DIVERSITY Y - Jaccard similarity
- Inter-species frequency n

association and
association strength

0 > n
SPECIES x CELL

y-DIVERSITY MATRIX
- Total species occurrence [S;C]

- Total species coverage

m

Figure 2. Flowchart summarizing the overall data analysis approach and statistical data processing
(see text for more detailed explanation). White background matrices, [C;S] and [S;C], are those directly
obtained from the plant survey. On the other hand, green background matrices, [C;C] and [S;S], are
obtained by multiplying one of the two data matrices by its transpose and are therefore square and
symmetrical matrices. Note that 7 refers to the number of cells/sites and m to the number of species
detected in the wetland. For more information on alpha, beta and gamma diversity, please read the
discussion section.

As shown in Figure 2, land cover composition and land cover frequency distribution
were obtained from the land cover analysis (top left-hand side of the figure). By super-
imposing the regular grid on the map, the cells/sites where the plant survey was to be
carried out were identified; the plant survey in each cell/site provided the raw database
from which all the ecological indices to be compared between cells and between species
could be further processed according to the flowchart shown in Figure 2.

Cell x Species [C;S] and Species x Cell [S;C] matrices. The central part of the diagram in
Figure 2 shows the plant survey from which all of the experimental data were obtained.
These data consisted of species occurrence and species abundance in relation to each
50 x 50 m? cell/site (165 in total). While species occurrence should be considered simply
as the presence of a species in a cell/site, abundance is related to the estimated ground
cover of each species detected, expressed by one of the codes already reported in Table 2. A
cell x species matrix [C;S] was thus developed and, alternatively, a species x cell matrix
[S;C] can be developed; here, the first matrix is the transpose of the second and vice versa.
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The occurrence matrix [C;S]© is simply a presence-absence matrix (0 = species not present
and 1 = species present), while the abundance matrix [C;S]* reports data by specifying
its cover code or by reporting a converted estimate of its ground cover fraction (using
the conversion factors reported in the last column of Table 2). The same is true for its
transpose [S;C]. The occurrence matrix [C;S]© can be easily derived from the abundance
matrix [C;S]? (the original survey dataset) by simply considering that, for each value of aij,
the corresponding value of 1y is as follows:

Ifa;;>0,Thenr;;=1; Elser;;=0

where g; ; is the abundance record in the i-th cell (by row, from 0 to n) and when considering
the j-th species (by column, from 0 to m), and 7; ; is the corresponding occurrence record,
expressed as the presence or absence data (1 or 0, respectively).

As shown in Figure 2, two different types of statistical data processing can be per-
formed. The analysis can be focused on “species” (column mode) or on “cells” (row mode).
If the interest is focused on “species”, then a “species x species” matrix [S;S] can be extracted
from the two data matrix by the following matrix multiplication:

[S;S]=[S,C] x [CS]

Conversely, if the interest is focused on “cells”, then a “cell x cell” matrix [C;C] can be
extracted from the two data matrix by the following matrix multiplication:

[CC] =[CS] x [SC]

where [S;C] is the transpose matrix of [C;S]. In other words, in the first case the matrix
[C;S] is pre-multiplied by its transpose, while in the second case the same matrix [C;S] is
post-multiplied by its transpose. Both of the resulting matrices, [S;S] and [C;C], are square
and symmetric matrices, i.e., the upper and lower triangles along the main diagonal are
mirrored, and the same diagonal expresses self-comparisons (between cells or between
species, depending on the case). Figure 2 clearly shows these aspects.

Plant species. First, the list of all detected plant species of alimurgical interest was
compiled; then, species by species, a summary statistic of their occurrence and abundance
or relative ground coverage was arranged. Then, considering the “species x species”
matrix [S;S] calculated from the occurrence matrix [C;S]©, its main diagonal (b]-,j) reports
the self-occurrence by species, i.e., how many times each species is detected considering
all the cells/sites of the study area, while the other b terms in the same matrix inform
about the cross-occurrence, i.e., how many times each species is detected together with
another species considering all the cells/sites of the study area. The latter is a measure of
the association between pairs of species observed in the wetland. Correspondingly, when
considering again the “species x species” matrix [S;S], but this time obtained from the
abundance matrix [C;S]?, its main diagonal (bj ;) reports the degree or average strength of
the presence of each observed species in the area (another way to express the magnitude
or strength of the species occurrence), while all of the other b terms in the same matrix
inform about the strength of the cross-species link, i.e., how strong the linkage is between
pairs of species observed in the wetland or, in other words, the strength of the inter-species
association. The values in the matrix are scaled to an average score in the range 0-5 as
already shown in Table 2.

The possible ecological arrangement of the species detected, i.e., the successional
occupation of ecological niches by species entering the wetland system, was explored using
a rank-abundance plot, the so-called Whittaker plot [76,77]. From the resulting scatterplot,
a suitable mathematical function was selected to fit the data properly; in our case, an
equilateral hyperbola proved to be the best fitting choice.

Cell/Site phytoalimurgical diversity. Species richness (R) and species abundance (A)
were determined for each cell/site. The absolute species richness corresponds with the
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number of species n; detected in the i-th cell/site during the survey; the relative richness
is the ratio of this number (1;) to the total number of species observed in the whole study
area. The frequency distribution of the relative richness index (1;/N) of each i-th cell was
therefore determined for the whole area. Similarly, the species abundance in each cell/site
is calculated by summing the estimated land cover (see first column of Table 2) of all
the species detected in that cell/site; the relative species abundance is then obtained by
converting this value to the fraction of land area actually covered by the species of interest
(conversion factors are given in the third column of Table 2). The frequency distribution of
the relative abundance index for each i-th cell was also determined for the whole area.

Considering the “cell x cell” matrix [C;C] calculated from the occurrence matrix [C :S1°,
its main diagonal (c; ;) reports the species richness per cell/site, i.e., how many species are
detected in each cell/site of the study area, while all of the other ¢ terms in the same matrix
give information about the cross-richness, i.e., how many species are in common with pairs
of cells/sites in the study area. The latter is a measure of the species association between
pairs of cells/sites in the wetland or, in other words, the inter-cell species similarity or
communality. Correspondingly, when considering again the “cell x cell” matrix [C;C], but
this time obtained from the abundance matrix [C;S]?, its main diagonal (cj,;) reports the
species abundance within each cell/site, while the other b terms in the same matrix inform
about the cross-species abundance, i.e., the shared species abundance between pairs of
cells/sites in the wetland. The values in the matrix are scaled to a score in the range 0-5 as
already shown in Table 2.

From the values of species richness and species abundance of each cell/site it was
possible to calculate both the well-known Shannon’s diversity index (H) and Simpson’s
diversity index (D). A diversity index is a mathematical measure of species diversity in a
community. Diversity indices provide more information about community composition
than simply species richness as they also take the relative abundances of different species
into account. A diversity index, indeed, depends not only on species richness but also on
the evenness, or equitability, with which species are distributed in the same community.

Considering p; as the relative abundance (i.e., cover fraction) of each j-th species within
the s total number of species detected in a cell/site, the H index can be calculated as follows:

S
H=-) pin(p))
j=1

The Shannon index takes into account both the richness and the evenness of the species
present in a community [78,79]. The evenness of the species distribution increases as all p;
values tend to converge, thus assuming a single, uniform value. While the minimum value
of H is zero, there is no maximum value, which grows as the number of species increases,
evenness being equal. This index is related to the concept of entropy interpreted in terms of
information theory and quantifies the uncertainty or the degree of surprise associated with
a given event [79]; in other words, it is the probability associated with a given event, such
as the random extraction of an individual of a certain species in a heterotypic community.

Alternatively, the diversity can be calculated using the Simpson index according to
the following formula:

In this case, the value of 1 — D is the probability of extracting individuals of the same
species within a heterotypic community after two consecutive random extractions, but
with replacement. The D index has a value between 0 and 1, with higher values indicating
greater diversity and lower values indicating lower diversity. In the case of two consecutive
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random samples, but without replacement, the same index (expressed in frequency units)
has the following formula:

s S /n; ni—1
p=1-L () =X (W)

j=1 j=1

where #; is the number of individuals of each j-th species within the s total number of
species detected in a cell/site, while N is the total number of individuals, regardless of their
species, namely N = Zn]-.

With respect to the Simpson index, the “cell x cell” matrix [C;C] is obtained from
the abundance matrix [C;S]* but expressed in the form of relative abundance (i.e., cover
fraction pjj); its main diagonal (¢; ;) reports the 1 — D values per cell/site of the wetland,
while the other b terms in the same matrix inform about the common or shared species
D-diversity between pairs of cells/sites in the study area.

Differently, when considering the H-Shannon index, the “cell x cell” matrix [C;C] is
obtained, this time by a slightly different procedure and according to the following matrix
multiplication:

[C:CT™ = —[C;S] x In[S,C]

where the In [S;C] is the natural logarithmic transpose matrix of the relative abundance
matrix [C;S]* with the condition that the zero (0) values in the same matrix have been
converted into one (1) in order to avoid the undefined solution In(0). Its main diagonal ()
represents the H-Shannon values per cell/site of the wetland, while the other b terms in the
same matrix inform about the common or shared H-diversity between pairs of cells/sites
in the study area.

Once the H and D biodiversity indices were calculated for each cell/site, their fre-
quency distribution was plotted and interpreted. In addition, a functional relationship was
established between the values of the D index (as dependent or response variable) and
the values of the H index (as independent variable or regressor), taking into account the
statistical significance of the effects of both species richness (R) and species abundance (A).
A negative exponential equation was chosen as the appropriate function from which to
interpret the data and to explain most of the total variability of the data.

Finally, by working on the presence-absence occurrence matrix [S;C]®, it was possible
to compute a similarity coefficient known as the Jaccard index [80]. The latter can be
defined synthetically as the size of the intersection divided by the size of the union of
sample sets. Given two cells/sites, for example A and B, the Jaccard coefficient is a measure
of the overlap that A and B have in terms of their species occurrence. If A and B have
some species in common, this combination can be reported as M11 (total number of species
shared); A and B may also not share some species, this combination is reported as M00
(total number of species not in shared); alternatively, a given species may be present in A
but not in B, or vice versa; in these cases M10 and M01 are the corresponding numbers
of possible combinations. Each possible combination must fall into one of these four
categories, therefore (M11 + Mg + Mjp + My;) = N (total number of species in the cell/site)
or, in relative terms: (M11 + Mgy + Mjg + Mp1) = 1. The Jaccard similarity coefficient (J) is
given by:

| _ My
(A=B) ™ My + Mig + Moy

Taking into account the usual matrix operations, the Jaccard matrix [C;C) can be
calculated according to the following formula:
[CC]

cl
(Gl G+ 4 x (N=[ca™)
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where:

[CC] =[CS] x [S,C]

provided that [C;S] = [C;S];
[C;CIM = [CS] x [S,C]

provided that [C;S] = [C;S]C and the zero (0) values in the same matrix have been converted
into minus one (—1) and where N represents the total number of detected species.
The interpretation of the formula is as follows:

[C,Cl =My
[C;CIM =M1 + Mgg — My — My
N = M11 + MOO + M10 + MOl

therefore:
N — [CCIM = (My1 + Mgo + Mig + Mo1) — (Mi1 + Moo — Mg — Moy) = 2 (Mg + Mpy)

All possible [C;C} values are in the range from 0 (no species in common) to 1 (all
species in common); for example, ] = 0.5 means that fifty percent of the species occurring in
both A and B cells/sites are in common.

Cluster analysis was performed on both [C;S] and [S;C] matrices using the hierarchical
clustering method according to Ward’s minimum variance procedure.

JMP software (Statistical Discovery, JMP Pro 16.0, SAS Institute Inc., Cary, NC, USA,
2021) was used for all types of statistical data processing.

2.6. Seed Collection and Conservation

Once the survey had been carried out and the plants had been biologically identified
and ecologically characterized, the decision was made to proceed with seed collection.
Not all of the species identified were selected, only those species that showed the greatest
potential for cultivation and use for a range of alimurgical purposes. Seeds were collected
by hand at a time corresponding with their physiological maturity for each species selected.
The aim of the seed collection was to initiate, at least as a first attempt, a horticultural
production based on native plants. The supply of seed from the wild was kept very limited
in order to avoid any possible negative impact on the conservation of native species, but
an attempt was made to obtain an adequate representation of the genetic diversity of the
populations through random sampling in different cells/sites. Given the limited size of
the study area, its state of relative isolation in being surrounded by highly anthropized
neighboring areas, and the threatened status of the species present, the decision was made
to limit collection of this seed to a strict minimum, reserving the possibility of initiating
seed multiplication through subsequent nursery activities. No precise harvesting plan
was drawn up for this purpose, as even less than roughly 1% of the total seed availability
for each species of interest was taken. The collected seeds were left to air dry without
any forcing (neither heat nor ventilation) and then stored in cloth bags in a dry place
at a relatively constant temperature of 20 °C. The prepared seed was entrusted to an
experienced nurseryman who sowed the seeds in trays of honeycomb pots and prepared
the seedlings in time for transplanting outdoors.

3. Results
3.1. Land-Cover Analysis

The study area was divided into a total of 165 square cells/sites by conceptually
overlaying a regular 50 x 50 m? grid. The total expected area was therefore
(165 x 50 x 50=) 412,500 m?. However, the actual area covered by the survey was 397,768,
or 96% of the theoretical total (Table 3), due to incomplete square cells at the edges of the
study area.
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Table 3. Distribution of the King’s Lagoon study area in the four different land cover categories.

Land Cover Absolute Relative Area
Area P
Category Occurrence Occurrence (m2) Partitioning

§ (N) (%) (%)
WET 163 98.8 225411 56.7
MEAD 160 97.0 112.043 28.2
AGR 46 27.9 31.774 8.0
BUILT 125 75.8 28.541 7.2

Total 165 397.768 100.0

Note: §: See Table 1 for the extended names of the four main land cover categories.

As expected, wetlands and aquatic/riparian ecosystems (WET) were the most repre-
sentative land cover category and was present in 99% of the cells/sites and accounted for
57% of the total area of King’s Lagoon. Semi-natural vegetation (MEAD) was the second
most relevant land cover category in the study area. It was present in 97% of the cells/sites
and accounted for 28% of the total area of the King’s Lagoon.

Figure 3 shows the distribution of cells/sites between the WET and MEAD categories.
There is no particular clustering of site cover composition and sites are fairly evenly
distributed between the two categories.

2500 »

2000

1500

Area of wetlands (m2)

1000

500

0 500 1000 1500 2000 2500
Area of meadows (m2)

Figure 3. Scatter plot showing the cell/site combinations of wetland (WET) and meadow (MEAD)
areas. The cell/site dimensions are 50 x 50 m?, corresponding to a unit area of 2500 m?. For each cell
(a dot in the figure), the smaller the areas allocated to WET and MEAD, the larger the complementary
areas allocated to AGR and BUILT (as indicated by the blue arrow). Total number of cells/sites is 165.

The frequency distribution of the WET area in the cells (Figure 4A) shows that the
three main classes (from 1.000 to 1.750 m?) account for about 45% of all the observations.

Differently, the frequency distribution of the MEAD area in the cells (Figure 4B) shows
that the two main classes (from 250 to 750 m?) account for more than 50% of all of the
observations. Both of the figures (Figure 4A,B) clearly indicate that wetlands are a much
larger and more dispersed land cover component than meadows and that the latter are
rarely the main or dominant feature of the overall landscape. However, it should be
remembered that the natural restoration process has only just begun and that this structural
arrangement is likely to evolve further as the ongoing ecological succession continues.
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Figure 4. Histograms showing the frequency distribution of the two main coverage classes: (A) WET
and (B) MEAD, found in the study area. The cell/site dimensions are 50 x 50 m2, corresponding
with a unit area of 2500 m?. Total number of cells/sites is 165.
3.2. Species Analysis
Table 4 shows a list of all phytoalimurgic species detected in the two surveys. A
more detailed description of these species can be found in Supplementary Material (S2),
including biological forms, chorological types, geographical distribution and typology of
use, which are also reported in the same appendix. Focus species are identified from S1 to
56 in Table 4 and are shown in bold.
Table 4. List of species under consideration and assigned to the alimurgical plant category. In bold
character the six focus species are identified.
Code Species Code Species Code Species
S1 Glycyrrhiza glabra L. S14  Nigella damascena L. S27  Plantago argentea Chax
S2 Portulaca oleracea L. S15  Plantago coronopus L. 528  Dittrichia viscosa (L.) Greuter
S3 Cichorium intybus L. S16  Verbascum sinuatum L. 529 Juncus sp.
S4 Beta vulgaris L. S17  Scabiosa columbaria L. S30  Allium roseum L.
S5 Salicornia spp. S18  Echium vulgare L. S31  Ferula communis L.
S6 Suaeda vera ].F.Gmel. S19  Scolymus hispanicus L. 532 Ficus carica L.
S7 Sonchus oleraceus L. 520  Diplotaxis erucoides (L.) DC. S33  Cidonia oblonga Mill.
S8 Daucus carota L. 521 Solanum nigrum L. 534 Punica granatum L.
S9 Malva sylvestris L. 522 Borago officinalis L. S35  Prunus domestica L.
S10  Picris hieracioides L. 523 Plantago lanceolata L. S36  Malus domestica (Suckow) Borkh
S11 Limonium bellidifolium (Gouan) Dumort. S24  Rumex conglomeratus Murray 537 Morus nigra L.
S12 Cirsium arvense (L.) Scop. S25  Rumex acetosa L. S38  Pistacia lentiscus L.
S13  Carlina gummifera (L.) Less 526  Dipsacus follonum L. S39  Tamarix gallica L.

The first step in processing the species data was to identify the most common and
abundant species in the study area. The results are presented in Table 5.

Firstly, it should be noted that the S1 species is not included in the list presented in
Table 5 because Glycyrrhiza glabra, surprisingly, was not detected in the study area on either
of the two survey dates, although it was quite common in the surrounding area of the
King'’s Lagoon. In terms of relative species occurrence, the percentages given in the table
refer to the proportion of cells in which the species are present at a given cover fraction
(A, R, U, C, CC, CCC and total, in respective accordance with the categories reported in
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Table 2). For example, with regard to S6 (Suaeda vera), the plant was detected in 73% of
the cells/sites (column “total occurrence”), while it was apparently absent in 27% of the
cells/sites (column A); in 49% of the cells/sites, the plant covered between 75 and 100% of
the area occupied by grasses and meadows (column CCC). The last two columns of Table 5
(i.e., species coverage) give the relative (expressed in %) and the absolute (expressed in m?)
of the area where each species or species groups were observed.

Table 5. Relative species occurrence, i.e., proportion of cells (%) in which the species are present at a
given cover fraction (according to the categories reported in Table 2) and their corresponding relative
(%) and absolute (m?) coverage.

. . Relati A f
Relative Species Occurrence elative rea o

Species Species Coverage Coverage
Groups P A R 8) C CC CcccC Total §
(%) (%) (%) (%) (%) (%) (%) (%) (m?)
1 S6 27.27 3.64 6.67 4.85 8.48 49.09 72.73 54.52 59,200
5 S7 41.21 57.58 - - 0.61 0.61 58.79 11.05 12,002
S10 52.73 26.67 16.97 1.82 1.21 0.61 47.27 12.96 14,079
S8 84.24 13.94 1.82 - - - 15.76 3.08 3347
3 S4 84.85 13.94 1.21 - - - 15.15 2.87 3116
S5 86.06 6.67 5.45 - 1.82 - 13.94 4.36 4731
S9 92.12 7.88 - - - - 7.88 1.38 1500
4 525 94.55 5.45 - - - - 5.45 0.96 1039
S11 95.15 4.24 0.61 - - - 4.85 0.96 1039
531-539 95.15 4.85 - - - - 4.85 1.70 1846
S2 97.58 121 - - 121 - 2.42 1.06 1154
528 97.58 121 1.21 - - - 2.42 0.64 692
S14, S16 97.58 2.42 - - - - 2.42 0.85 923
5 517, 526, S32 98.18 1.82 - - - - 1.82 0.96 1039
53,513, 519, 522 98.79 1.21 - - - - 1.21 0.85 923
S12 99.39 - 0.61 - - - 0.61 0.21 231
remaining species 99.39 0.61 - - - - 0.61 1.59 1731

Note: §: Values reported in the “Total” column are the sum of R, U, C, CC and CCC.

The species S6 (Suaeda vera) was, by far, the most common species (73%) with the high-
est degree of coverage (55%), while S7 (Sonchus oleraceus) and S10 (Picris hieracioides) were
significantly more common (47-59%) and abundant (11-13%) with respect to all of the other
remaining groups of species; S8, S4 and S5 (Daucus carota, Beta vulgaris, and Salicornia spp.,
respectively) can be grouped together given that they have similar occurrence (14-16%)
and coverage (3—4%). Finally, all of the other plant species can be joined together as they
showed lower occurrence (<8.0%) and coverage (<1.7%).

When information on the relative abundance of species is available, a meaningful
description of diversity can be made by looking at its distribution among species ranked in
order of abundance. A common approach is to use rank-abundance plots, also known as
dominance—diversity curves (Figure 5).

This type of purely descriptive approach attempts to interpret the relative abundance
of species (i.e., relative coverage in our case) by fitting a mathematical function to the data
in order to derive a possible underlying biological pattern [76,81]. In this type of plot,
species are plotted in ascending order of abundance (relative cover in our case) from left to
right on the x-axis, with the most abundant species on the far left and the rarest species on
the far right. Proportional abundance is plotted on the y-axis, using the natural logarithmic
scale (In), so that the resulting curve reflects the hierarchical distribution of abundances
across species. With this in mind, Figure 5 was developed using the rank-abundance
plot (or “Whittaker plot’). An equilateral hyperbola was then fitted to the data and the fit
was statistically significant (R? = 0.94; SSE = 0.25). The resulting rank-abundance curve
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provides information about the ecological plant community (limited to the selected species),
information that is quite accessible at a glance.
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Figure 5. Rank-abundance plots, also known as dominance—diversity curves. The total number of
species plotted is 39. An equilateral hyperbola was fitted to the data and the fit was statistically
significant (R? = 0.94; SSE = 0.25). The equation is shown in the graph frame.

The plot in Figure 5 shows that only a small number of species (and in particular
only one of them, S6) are visibly abundant and thus monopolize a considerable part of the
dominance (in other words, controlling almost all the available resources).

A in Table 6 shows a limited part of the “species x species” matrix [S;S] calcu-
lated from the occurrence matrix [C;S]©, while B in Table 6 shows the same part of the
“species x species” matrix [S;S] but with calculations starting from the abundance matrix
[C;S]”. Only the main species in the area have been considered in this table, i.e., group
1 (S6), group 2 (S7 and S10), group 3 (S8, S4, S5) and group 4 (S9, 525, S11, S31, S39), as
originally reported in Table 5.

Looking at the two tables side by side, the diagonal values in A in Table 6 correspond
exactly with the total relative species occurrence (%), as reported in Table 5. Due to the
relevant predominance of S6, its self-occurrence, shown in A in Table 6, is 72.72% and its
self-coverage, shown in B in Table 6, is also very high (score 4.34). This latter information
means that the self-link strength of S6 is, on average, very strong (>4.00). On the other
hand, S7, although it was the second most diffused species (self-occurrence 58.79%), has a
rather low self-coverage (score 1.04). Looking at the mutual association of S6 with 57, we
can see that their cross-occurrence is high (55.15%) but that the strength of their mutual
link is not the highest (1.73). In other words, 91 out of the 165 cells/sites have both S6 and
S7 present, but the average strength of this link is not very strong. Another considerable
species is S10, its self-occurrence, shown in A in Table 6, is 47.27% and its self-coverage,
shown in B in Table 6, is also quite high (score 1.38). When considering the association of
56 with S10, 73 out of 165 of the cells/sites have both present (44.24% of cross-occurrence)
and 1.83 is the strength of this link (cross-coverage). Another relevant cross-species link is
the association of S6 with S5; their cross-occurrence (B in Table 6) is higher than 1.00 (and
equal to 1.19).
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Table 6. Self-occurrence (along the diagonal) and cross-occurrence values by species (A), together
with magnitude or strength of self-(along the diagonal) and cross-species link (B). While values in A
are expressed in percentage (%), values in B are expressed in score, ranging from 0 to 5.

(A) Species S6 S7 S10 S8 S4 S5
S6 72.73
S7 55.15 58.79
510 4424 42.42 47.27
S8 15.15 13.33 10.91 15.76
S4 15.15 15.15 9.70 1.82 15.15
S5 13.94 11.52 727 4.24 242 13.94
S9 7.27 6.67 6.67 242 1.82
525 3.64 4.85 4.85 1.82
511 4.85 4.85 3.03 1.21
S31 4.85 3.03 2.42 1.82 1.82
S39 4.85

Percentages below the value of 1 have been deleted

Values > 40%

Values = 10-16%

(B) Species S6 S7 S10 S8 S4 S5
56 4.34
57 1.73 1.04
510 1.83 0.94 1.38
S8 0.96 0.44 0.50 0.53
5S4 0.93 0.46 0.48 0.18 0.50
S5 1.19 0.47 0.45 0.30 0.20 0.87
59 0.57 0.30 0.38 0.20 0.15
525 0.42 0.25 0.41 0.15
511 0.49 0.27 0.22 0.13 0.15
531 0.47 0.20 0.22 0.13 0.15 0.27
S39 0.56

Link strengths below the value of 0.10 have been deleted

Values > 1.00

Values = 0.50-1.00

3.3. Cells/Sites Analysis

When looking at the biodiversity data expressed by the 164 cells/sites that make up
the study area, species richness (R) and species abundance (A) were the first attributes
considered. The frequency distribution of the relative richness index (1;/N) for each i-th
cell is shown in Figure 6A.

Similarly, the species abundance in each cell/site is calculated by summing the esti-
mated land cover (according to the score reported in the first column of Table 2) correspond-
ing with that cell/site over all species; the relative species abundance is then obtained by
converting this value to the fraction of land area actually covered by the species of interest
(conversion factors are given in the third column of Table 2). The frequency distribution of
the relative abundance index for each i-th cell is shown in Figure 6B.

It should be noted that 39 out of 165 cells/sites (representing 24% of all cells in the
study area) were characterized by the complete absence of at least one of the 38 listed
species of interest. In terms of species richness (Figure 6A), the three main classes of
cell/site relative occurrence (from 5.0 to 7.5%, from 7.5 to 10.0%, and from 10.0 to 12.5% of
the total number of species in the study) were characterized by the following respective
frequencies: 21, 24 and 28%, totaling 73% of the entire distribution.
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Figure 6. Frequency distributions of the relative richness index (A) and of the relative abundance

index (B) for each cell in the study area.

In terms of relative species abundance or relative plant cover of the species of interest
(Figure 6B), more than 50% of the cells/sites (52% exactly) were characterized by a per-
centage cover in the range of 80-100% of the total grass cover, while more than 10% (12%
exactly) were characterized by a percentage in the range of 60-80%. Therefore, if present,
the phytoalimurgic species make up the majority of the grass and meadow species in the
study area, at least in 64% of the cells/sites.

The Shannon’s (H) and Simpson’s (D) biodiversity indices were computed for each
cell/site and their frequency distribution is shown in Figure 7A,B respectively.
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Figure 7. Frequency distributions of Shannon'’s diversity index (A) and of Simpson'’s diversity index

(B) for each cell in the study area.

Thirty percent of cells/sites had an H index between 1.00 and 1.25, while the cells/sites
with values between 0.75 and 1.00 represented approximately 22% of the total number of
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cells/sites. Regarding the D index, by far the largest proportion of cells/sites (around 28%)
were found to have values between 0.6 and 0.7.

To obtain a reference order of magnitude for the H and D values, one can simply
calculated that an even distribution of 7-8 species in a cell/site corresponds to an H value
of 1.95-2.08 and a D value of 0.86-0.88. These should be considered among the higher
biodiversity values in terms of H and D indices observed in the dataset. However, if the
distribution of species within the cells is no longer homogeneous (i.e., an equal share of the
ground cover), so that, for example, one species represents 50% of the ground cover and
the others share the remaining cover equally, the two indices are drastically reduced. For
example, in relation to the presence of 8 species in a cell/site, H goes from 2.08 to 0.347,
while D goes from 0.88 to 0.250.

Species richness, species abundance as well as Shannon’s and Simpson’s indexes were
found to be significantly correlated with each other (Table 7).

Table 7. Correlation matrix (Pearson’s coefficients) of biodiversity variables calculated with respect
to all of the cells/sites of the study area. All resulting correlation coefficients were highly significant
(p < 10/0).

Richness Abundance Shannon Simpson
Richness 1.00 0.90 0.98 0.91
Abundance 0.90 1.00 0.87 0.85
Shannon 0.98 0.87 1.00 0.97
Simpson 0.91 0.85 0.97 1.00

The high statistical redundancy between these biodiversity variables means that, in
reality, only one of the variables could be sufficient to convey almost all of the statistical
information associated with the others, a condition that greatly facilitates the interpreta-
tion of the data. A detailed statistical description of the functional relationships linking
Simpson’s and Shannon’s indices, as well as the other biodiversity indices, such as species
abundance and richness, can be found in Supplementary Material (S3), to which reference
is made.

Finally, the similarity coefficient, known as the Jaccard index (J), can provide informa-
tion on the profile of species shared by cell/site pairs. The largest group of cells/sites with
the highest Jaccard index value (equal to 1) is the one that brings together the following
17 cells: C6, C15, C16, C18, C37, C47, C48, C51, C52, C60, C85, C98, C109, C113, C135,
C147, C165. In this cluster, three species are represented: S6 (average score 4.3), S7 (average
score 1.0) and S10 (average score 1.5). The second larger group of cells/sites with ] equal
to 1is represented by the following eight cells: C4, C27, C38, C45, C46, C130, C139, C157.
In this cluster, four species are represented: S6 (average score 4.6), S7 (average score 1.0)
and 510 (average score 1.3), S4 (average score 1.1). Moreover, the third larger group of
cells/sites with ] equal to 1 is represented by the following 7 cells: C22, C23, C24, C33,
(C34, C35, C36. In this latter cluster, only two species are represented: S6 (average score
5) and S39 (average score 1). There are several other smaller clusters sharing exactly the
same species (J = 1), such as the following: C11, C30, C31, C42, C43, C44 (two species in
common); C13, C49, C64, C80, C138, C161 (two species in common); C2, C3, C19, C39, C110
(four species in common); C73, C86, C120, C123, C136 (four species in common); and so on
for other even smaller groups. Cluster analysis was performed on this similarity data and
the corresponding dendrogram was obtained (but reported as Supplementary Material 54).

4. Discussion
4.1. Plant Survey and Ecological Charactwrization

Whittaker [82] originally proposed the partitioning of diversity into alpha, beta and
gamma components to characterize different scale levels of diversity. Thus, alpha and beta
diversity can be considered as a pair of complementary aspects of biodiversity, within and
between habitats respectively, whereas gamma diversity should be considered as the total
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diversity over the entire area under consideration [83]. According to our methodological
approach, alpha diversity can be derived from the “cell x cell” matrix [C;C], conversely,
gamma diversity can be obtained from the “species x species” matrix [S;S], both extracted
from the same raw data matrix [C;S]. When considering the beta diversity the two matrix
approaches can be useful; for example, the inter-species association and their association
strengths were obtained from the [S;S] matrix, while the Jaccard index was obtained from
the [C;C] matrix (refer to Figure 2 for a visual representation of the overall statistical
data processing).

The most widely used ecological measures of compositional similarity [84] include
the classic metrics proposed by Jaccard [80] and Sorensen [85]. In our work the Jaccard
index was applied. However, an important ecological issue is to understand how much of
this similarity (or, conversely, dissimilarity) is driven by simple compositional differences
and how much is driven by differences in relative abundance [83]. This problem was
methodologically solved, in this paper, by using two different kinds of matrices: the
occurrence matrix [C;S]O, that is simply a presence—absence matrix (0 = species not present
and 1 = species present), and the abundance matrix [C;S]* whose data report the ground
cover fraction of each species in each cell.

Species richness, occurrence, cell/site plant composition and land cover have been
reported in the previous section; now, it will be interesting to assess whether and, if
so, how (i.e., according to which criteria) the land cover arrangement (obtained from
photointerpretation of a satellite image) affects the composition of grass species between
cells/sites and, consequently, whether there are variations in species configuration that can
be associated with corresponding variations in the arrangements of land cover categories.
In other words, our present objective is to assess the spatial distribution of the observed
diversity among the surveyed plants.

Shannon’s index, was able to discriminate different levels of biodiversity between
cells/sites better than other ecological indexes, such as species richness and abundance
alone, and more accurately than Simpson’s index. Accordingly, Shannon’s index was
taken as the reference biodiversity variable, also considering its strong association with
Simpson’s index, species richness and species abundance, as confirmed by the significantly
high correlation coefficients between them (Table 7).

Three successively decreasing biodiversity levels (according to Shannon’s values) were
identified, mapped (Figure 8B) and compared (Figure 8A).

The following zonation was derived from the spatial mapping of Shannon’s results:

- Sites with the highest diversity (green areas in Figure 8B). These correspond with the
forth (upper) quartile of the Shannon distribution (Figure 7A, cumulative frequency
higher than 75%). Undisturbed sites are included in this category, i.e., sites not involved
in the LIFE project earthworks aimed at wetland restoring; embankment areas, i.e., areas
along the edge line between agriculture and reedbeds, which correspond with areas that
existed prior to restoration, but which are adjacent to new wetlands created as a result
of recent excavations; and “corridors” connecting new stretches of water (“valleys”)
and halophilic meadows, which are periodically and partially flooded and act as
“sources” of biodiversity. In all of these areas, the natural vegetation has developed
freely, without any particular interference or disturbance from human activity.

- Sites of higher diversity (yellow areas in Figure 8B). These correspond with the third
quartile of the Shannon distribution (Figure 7A, cumulative frequency in the range
50-75%). These sites are located along the banks of streams with soils of different
textures; from west to east the soil texture changes from clayey to sandy, which slightly
affects plant diversity.

- Sites with lower diversity (red areas in Figure 8B). These correspond with the first and
second quartiles of the Shannon distribution (Figure 7A, cumulative frequency in the
range 0-50%). These sites are characterized by high soil salinity and have therefore
been occupied by pioneer Salicornia vegetation and other annuals colonizing mud
and sand.
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Figure 8. (A) Diachronic comparison (2015 vs. 2024) of the layout of King’s Lagoon (the study area)
before and after the wetland restoration intervention. (B) Spatialized Shannon’s index values (WGS
coordinate system).

Biodiversity is developing gradually and is expected to increase over time as the
restoration phases take hold. Diversity is most pronounced along the banks of the canals
and watercourses that connect the basins or “valleys” (open stretches of water). In fact,
these areas can be considered as transitional or ecotonal environments, where the edge
effect prevails and the most suitable conditions are found for a significant increase in
ecological niches and, consequently, species diversity.

The well-known “edge effect” encompasses a set of influences that act on the boundary
between two types of adjacent environments, or on the contact zone between the two (for
example, the tension zone between valley and canal, or between footpath and embank-
ment). This effect causes a change in environmental conditions (such as microclimate)
and thus a change in vegetation structure and land cover in the tiles or fragments of the
ecological mosaic, which has direct and indirect effects on the distribution and abundance
of species [86,87].

The construction of the embankments involved massive earth movements, with the
addition and/or relocation of soil and the alteration of soil horizons. All this may have
favored, depending on conditions, the establishment of different species, which may or may
not have contributed to the increase in biodiversity. In addition, the soils are saline sodic,
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and the area has undergone massive excavations that have resulted in the repositioning
of the soils, so that today we have a varied situation where we move from areas with
predominantly sandy and sandy—loamy soils to others with predominantly clayey soils.

It should be recalled that the most commonly occurring species are represented, in
descending order, by Suaeda vera (S6), Sonchus oleraceus (S7), Picris hieracioides (S10), Daucus
carota (S8), Beta vulgaris (S4), and Salicornia spp. (S5). The descriptions of these plant
species in the literature are in perfect agreement with what was observed in our analysis,
confirming all of their ecological characteristics and properties. Suaeda vera (S6), is a
perennial halophyte commonly found in high to moderate salinity conditions; it has the
ability to thrive in dry to very dry soils [60,61,88]. According to Sordes et al. [89], Suaeda vera
can be the dominant species, is able to recolonize silty salt sediments, and, together with
other species, such as Salicornia sp., is a facilitator pioneer species in salt marsh succession.
Sonchus oleraceus (S7) is a tolerant species to high salinity and alkalinity conditions [90].
It is considered a noxious invasive weed [91]. It is a highly competitive plant with the
aptitude to adapt very well in newly establishment environments [92,93]; it possesses a high
tolerance to prolonged drought and it can germinate under varying pH levels and is not
completely suppressed by saline soil conditions [93]. Picris hieracioides L. (S10) is an annual
or biennial herbaceous plant that colonizes the early and middle stages of post-cultivation
succession in the Mediterranean region. It is widespread in Europe and tends to be basophil,
settling into nitrophilous vegetation, such as that of uncultivated land, margins, grassland,
etc. Daucus carota (S8), beyond its cultivated forms, is a weed that tolerates drought but
prefers periodically moist areas with moderately nutritious soils and warm and sunny
areas. Beta vulgaris L. (54) grows spontaneously in uncultivated lands and near the sea;
it is resistant to salt water and is therefore widespread along the Mediterranean coasts.
Wild beet display considerable salinity tolerance during germination and early seedling
development [94]. Beets are salt and drought tolerant plants [95]. Salicornia sp. (S5) is a
pioneer plant [96,97] and, being a halophyte that is frequently found in salt marshes and
that grows in saline areas near the coastlines, is known as one of the most salt-tolerant and
low-water-demanding plants [60,61,98]. From an ecological perspective, this plant belongs
to a family of extreme halophytes, a specific plant group that can be strongly adapted to
saline environments. This genus may thrive in a wide range of temperatures, it has an
annual life cycle, and supports uncommon plant conditions in hard seasons [99].

It is possible to observe that the species we have indicated as focal plants in the area
can be broadly divided into two categories: (1) predominantly halophilic species (such as
Suaeda, Salicornia and Beta) and (2) predominantly ruderal and/or native invasive species
(such as Sonchus, Picris, Daucus); the latter are not purely halophilic species but can easily
adapt to the harsh conditions of the area. In particular, Suaeda vera is the dominant species,
it is well adapted to arid conditions and, together with Salicornia, has excellent salinity
tolerance. It seems to be the species best able to colonize brackish environments on marginal
soils. As previously reported, Suaeda is associated with Salicornia in only 14% of the sites,
and the strength of the association is not very high (a score just a little higher than 1); in
fact, Salicornia requires the presence of water, whereas Suaeda can survive in arid conditions.
As a result, Salicornia is more present along the edges of the canal and in areas that are
periodically flooded, while Suaeda is found in the innermost parts of the wetland, in areas
that are not systematically flooded. The co-occurrence of the two species may be related to
ecotonal environments that are only periodically flooded. Suaeda is frequently associated
with Sonchus (55% of the cells/sites) and with Picris (44% of cells/sites) and the strength
of these relationships is quite strong (although always to the total advantage of Suaeda),
though it is higher in Picris (score 1.83), given its superior ruderal and invasive traits, than
in Sonchus (score 1.73). Picris and Sonchus are associated in 42% of the cells/sites but the
presence of Sonchus is weak because Picris is more ruderal (association strength less than 1).

Complementary to species richness, the greater the evenness of a site, the greater its
ecological diversity, assuming that evenness corresponds with equitability, i.e., there is an
equal probability of occurrence. The underlying concept is such that, if one or a few species
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dominate the species assemblage, the community will not be very diverse. Conversely, if
no species dominates, the community will be more diverse. Diversification is related to
ecological development or succession; in particular, this type of arrangement, also known as
“niche apportionment”, seems to be a feature of early successional stages, particularly when
considering plant communities in harsh environments. The concept of niche preemption
assumes that species colonize a region sequentially, with the first species to arrive receiving
the majority of resources [100]. As a result, species richness in these early communities
is highly uneven and ecological diversity is very low, with the overwhelming dominance
of a few or a single species [100]. This particular initial condition of ecological succession,
characterized by the presence of dominant, pioneering species, was clearly observed in
the King’s Lagoon study area; it was undoubtedly recognized by the shape offered by the
rank-abundance or dominance-diversity plot (Whittaker curve plotted in Figure 5). The
resulting species distribution follows an equilateral hyperbola, clearly showing that one or
very few species absolutely dominate the heterotypic community.

4.2. New Edible Crop Potential: From Wild to Cultivated Plant

In one of our earlier but recently published papers [55], a comprehensive wetland
planning process was proposed and the aim of the work was precisely to “assess the role of
agriculture and biodiversity” in a restored coastal wetland, using King’s Lagoon as a study
area. Among a number of actions to be considered, the proper design and management
of agricultural activity was identified as a top priority. Indeed, agriculture should work
in alliance with the conservation of biodiversity, both wild and cultivated, rather than
in opposition to it. Wetlands and agriculture, although historically seen as antagonistic
environments, are still closely linked [3] and in many cases agriculture in wetlands remains
a persistent human activity [2]. In this respect, agriculture can be a risk factor for the
conservation of wetland ecosystems or, conversely, a stabilizing factor. It all depends on
the agricultural model applied. Agricultural practices should not only be fully compatible
with the conservation of this fragile ecosystem, but also contribute to its regeneration
and further diversification. At the same time, we expect that wetland agriculture and its
associated biodiversity will be able to benefit from a compensatory effect resulting from the
functioning of the natural wetland ecosystem, thus allowing agriculture to achieve greater
autonomy from agro-technical inputs and a higher level of resilience [55].

In this respect, a number of actions were identified as being closely related to the
exercise of agriculture/horticulture.

- Promoting low-input/low-impact farming practices;

- Developing agronomic practices based on the ecosystem structure and functioning;

- Applying innovative cropping models and agricultural practices related to permacul-
ture (food forest) and agroforestry;

- Cultivating traditional crops, old varieties, and phytoalimurgic species;

- Cultivating halophytic species;

- Creating permanent strips of spontaneous or cultivated vegetation;

- Making proper use of brackish water irrigation techniques;

- Applying alkaline soil remediation techniques;

- Utilizing climatic adaptation to increase the resilience of farming systems (mixed- and
inter-cropping, minimum soil mechanical disturbance, maintenance of a permanent
soil cover, diversification of plant species, prevention of soil losses from water run-off
and consequent erosion, improvement of the agricultural soil quality, etc.).

Within this framework, Salicornia spp., Beta vulgaris subsp. maritima and Suaeda vera
were identified as the most interesting of the species found in the study area and, among
others, the most prevalent halophytes in the Atlantic and Mediterranean regions, often
thriving in salt marshes and abandoned salt pans [101].

Salicornia has long been an object of interest for local farmers, although not in this
area of the Gargano promontory facing south, but in the area facing north. Salicornia is
probably one of the most successful examples of halophyte cultivation to date. In fact,
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some companies in this area cultivate and market Salicornia, both raw and, above all, in oil
(Figure 9).

Figure 9. Sorting, cleaning, washing and packaging of glasswort, i.e., Salicorna (https:/ /foodoteka.
com/saporita, accessed on 9 June 2024).

With reference to the King’s Lagoon, a first crop trial was carried out last year and a
second has just started, focusing on Salicornia and Beta, by comparing their productivity
both as single crops and in combination, i.e., intercropping (Figure 10).

Figure 10. Cultivation trial of Salicornia and Beta in monocultures and intercultures at the King’s
Lagoon (spring—summer 2023).

The diversification of the cropping system, such as mixed and intercropping systems,
diversification of plant species, together with permanent soil cover and minimum soil
mechanical disturbance, improves biodiversity [20,21], prevents losses of arable land,
increases soil quality, and preserves water resources [22,23].

Halophytic properties can be used to improve the productivity of less salt-resistant
crops by growing them in intercropping, creating more resilient farming systems and
reaping the economic benefits of harvesting both plant species. Halophytes in general, and
Salicornia, Suaeda and also Beta, may be an option where soil salinity is extreme and only
brackish water is available for irrigation, as in the study area.
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To date, halophytes are regularly collected from wild populations and sold fresh or
preserved at local farmers” markets. Cultivation is still limited and often confined to private
backyards and kitchen gardens. In the study area, efforts are being made to begin local
production, followed by the processing of vegetables in oil (also mixed with other wild or
cultivated alimurgical plants) and the organization of a cooperative sales market. This is an
important first territorial initiative in its start-up phase.

5. Conclusions

The aim of this work was to identify and make a survey of the alimurgical vegetation
present in the King’s Lagoon, a wetland that has recently undergone radical restoration of
its natural layout.

The survey was preceded by the interpretation of a high-resolution satellite image of
the study area; this allowed the derivation of a land cover map useful for the preparation
of a regular grid to which the presence/absence of species and their degree of land cover
could be related, as well as the interpretation of the relationship between the presence and
association of the identified plant species with the characteristics or types of land cover.

The survey provided a snapshot of the state of this wetland ecosystem at the beginning
of the process of ecological succession towards a state of the progressive recovery of
naturalness, just a few years after a renaturation intervention to restore the flooded areas
and the canals connecting them.

The methodological tools adopted are those of a classical botanical analysis, through
surveys along transects, and a subsequent ecological interpretation, making use of the
elaboration of some ecological indices that allowed for the exploration of the different scale
levels of biodiversity (alpha, beta and gamma) in the area.

A few clarifications make it possible to specify the limitations of the present research,
in particular the fact that it was not a conventional wide-ranging botanical study, but
rather focused on the herbaceous and shrub components of the vegetation and, within
its scope, only those plants that were of general alimurgical interest. It was, therefore,
programmatically and deliberately a partial and selective survey.

Since the methodology used and the results obtained seem particularly useful and
encouraging, it is desirable to proceed in the future as schematically outlined below:

1.  To repeat the spring survey in the coming years, at least every two years, in order to
reconstruct precisely the dynamics of the ecological succession in which this particular
ecosystem is developing, once it has returned to its natural development.

2. To integrate the information to be obtained from the surveys at a broader and more
general level, in the sense of carrying out a comprehensive botanical analysis.

3.  To derive some indications and suggestions on the potential for establishing appropri-
ate intercropping between alimurgical species, to be applied in the possible start of
cultivation practices of these species for commercial purposes. Indeed, good insights
can be gained by analyzing natural plant associations (i.e., the strong and balanced
combination of some of the most representative plant species in the wetland).

Finally, it should be emphasized that wild edible plants are perfectly integrated into
the wetland environment and that the objective of their horticultural valorization, together
with the conservation of the whole natural wetland vegetation, can be achieved by properly
combining provisioning and regulation/support ecosystem services from wetland. At the
same time, cultural ecosystem services can be provided, preserving local knowledge and
promoting historical traditions within human communities, together with a new interest
from conscious, mindful and informed tourism development.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae10060632 /s1: S1: King’s Lagoon and the EU Natura
2000 network; S2: List of species under consideration and assigned to the alimurgical plant category;
S3: Empirical equation connecting Simpson index (D) with Shannon index (H); S4: Hierarchical
cluster analysis performed on [C;S] and [S;C] matrices.
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